The Drell-Yan process is an invaluable tool for probing the structure of hadrons, and the pion-induced Drell-Yan process is unique in its sensitivity to several subtleties of the partonic structure. This is a brief review of the pionic Drell-Yan process with particular emphasis on the dilepton angular distributions and nuclear modification of the parton distributions (the EMC effect).
Introduction
The observation of a continuum of massive lepton pairs in proton-uranium collisions 1, 2 was explained by S. Drell and T.-M. Yan 3, 4 by the process that now bears their name. A leading order Drell-Yan parton model of collinear quark-antiquark (qq) electromagnetic annihilation into a virtual photon successfully described the scaling behavior, the A-dependence of production cross section, and the polar angle distribution of leptons. Furthermore, the inclusion of the perturbative QCD effect of gluon emission and absorption by the partons could explain nicely, the transverse momentum distribution of lepton pairs and the K factor (ratio of next-to-leading order to leading order cross section) enhancement of cross section above the naive Drell-Yan cross section. Hence Drell-Yan process has become one of the most intensively studied processes in QCD [5] [6] [7] and an effective tool to study the partonic structure of hadrons, ranging from the Parton Distribution Functions (PDFs) 8 to Transverse Momentum Dependent (TMD) distributions. 9 In the Drell-Yan process the partonic structure is probed via the time-like photon which is complementary to the space-like one in deep inelastic scattering.
Moreover, since the production cross section of the Drell-Yan process scales as τ = m ll /s = x q xq, where m ll is the dilepton invariant mass, s is the square of the center-of-mass energy and x q/q is the momentum fraction of the hadrons carried by the struck quark/anti-quark, and, since pions are composed of valance anti-quarks, the pion-induced Drell-Yan process is more effective in producing lepton pairs of large m ll , compared to the proton-induced process where the anti-quarks are sea quarks abundant only at relatively small x. In addition to yielding important information on the partonic structure of the target nucleons, pion-induced Drell-Yan process plays a unique role in exploring the pion structure, which is not accessible via deep inelastic scattering (DIS) where a stable target is required. The pioninduced Drell-Yan 10 reaction has been studied at BNL, FNAL, CERN, and Dubna since 1979. In this article we review the results from five experiments: the CIP [11] [12] [13] [14] experiment at BNL, the NA3, 15, 16 Omega 17 and NA10 ?, 18-20 experiments at CERN and the E615 21 experiment at FNAL. We will emphasize their results on the angular distributions of lepton pairs in Sec. 2, and the nuclear modification of quark distributions known as the EMC effect in Sec. 3-4. The experimental parameters of beam, target and range of dilepton invariant mass for these experiments are listed in Table. 1. Recent experimental and theoretical studies have enabled a multi-dimensional description of the partonic structure of nucleons: TMD distributions and Generalized Parton Distributions 22 (GPD). In Sec. 5, we will discuss possible future measurements of the exclusive pion-induced Drell-Yan process and measurements using a transversely polarized target. Such measurements in parallel with DIS measurements can make unique and significant contribution to the construction of these next-generation parton distribution functions.
Unpolarized Drell-Yan angular distribution
Despite the success of perturbative QCD in describing the Drell-Yan cross sections, it still remains a challenge to fully comprehend the angular distributions of dilepton pairs. Assuming dominance of the single-photon process, the angular distribution of leptons from unpolarized Drell-Yan process could be denoted by the angular parameters λ, µ and ν as follows:
where θ and φ are the polar and azimuthal angles of the decayed leptons in the rest frame of virtual photon.
In the scheme of collinearelectromagnetic annihilation, the produced virtual photon is purely transversely polarized and the angular distribution is proportional to (1 + cos 2 θ), i.e. λ = 1 and µ = ν = 0. The first measurement of polar angle distributions in the t-channel helicity frame or Gottfried-Jackson (GJ) frame by CIP experiment 11 nicely confirmed the theoretical prediction and provided a strong support of Drell-Yan model in describing the dilepton production from the hadronhadron collisions.
Later it was also found by the CIP 12-14 experiment that the polarization of virtual photon in GJ frame changed from transversely polarized (λ = 1) to longitudinally polarized (λ = −1) when Bjorken-x of anti-quark in the pion beam (x π ) approached 1. The magnitude of this variation was reduced in the Collins-Soper (CS) frame where the effect of intrinsic quark transverse momenta is minimized. This observation was not considered as conclusive in the subsequent measurements performed by the NA3 15 and the NA10 18, 19 experiments. The controversy was finally settled by a clear observation of this phenomenon with good statistics in the E615 experiment 21 as shown in Fig. 1 . In 1978, Lam and Tung studied the QCD-induced finite transverse momentum effect on the angular distributions of lepton pairs. [23] [24] [25] They found that QCD effect could lead to λ = 1 and µ, ν = 0 but the relation 1 − λ = 2µ in CS frame, so-called "Lam-Tung relation" holds for next-to-leading-order(NLO) QCD effect. Later studies showed that the Lam-Tung relation remains almost unchanged even up to NNLO. 26, 27 Therefore this relation provides a unique opportunity to test the "QCD-improved quark-parton model".
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The very first measurement by the NA3 15 experiment showed that ν increased strongly toward large transverse momentum of the lepton pair (p T ) but the LamTung relation was roughly preserved. Nevertheless the following measurements with better statistics by the NA10 18, 19 and the E615 21 experiments clearly identified a strong violation of Lam-Tung relation in the pion-induced Drell-Yan process with nuclei and deuterium targets. Fig. 2 shows E615 results of angular parameters λ, µ and ν as a function of p T /m ll and the degree of violation of Lam-Tung relation in the region of 0 < p T < 5 GeV/c, 4.05 < m ll < 8.55 GeV/c 2 and 0.2 < x π < 1.0. Clearly λ deviates from 1 and both µ and ν have large non-zero values. The degree of violation increases with p T . The fact that the violation was also observed using deuterium target 18, 19 excluded the possibility of a nuclear target effect. 
Theoretical Interpretations
As described above, there are two phenomena in the angular distributions of pioninduced Drell-Yan processes which are beyond conventional perturbative QCD: longitudinally polarized virtual photons at large x π and violation of Lam-Tung relation at large p T . Several attempts have been made in understanding their origins and some of them are introduced below.
longitudinally polarized virtual photons at large x π
Berger and Brodsky 28 explained the change of virtual photon polarization near x π = 1 by higher-twist QCD effect. The diagram of scattering of pions as two valence partons with an exchange of gluons between each other or the pion valance anti-quark and quark of target nucleon becomes dominant. The angular distribution was described as follows:
where k
2
T is the average of the square of transverse momentum of pion valance anti-quark.
In comparison with Eq. (1), λ is 1 at small x π and gradually turns to be −1 as x π → 1. Furthermore it has been illustrated that the x π -dependence of λ, µ and ν in the angular distributions of leptons are sensitive to the pion distribution amplitude (DA), 29 which represents the distribution of light-cone momentum fraction in the Fock state of two valence quarks for pion. Pion DA is an important component for QCD light-cone sum rule and QCD factorization theory in describing the exclusive processes, e.g. γγ * → π 0 the pion-photon transition form factor at e + e − collisions.
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Recent investigation 31 taking into account of QCD evolution of pion DA shows that the sensitivity of dilepton angular distributions to pion DA still remains, especially for the lepton pairs with large ρ (≡ p T /m ll ).
Violation of Lam-Tung relation at large p T
A general two-particle spin-density matrix for thepair prior to the annihilation is described by:
The quantities F j , G j and H ij characterizes different parts of spin configurations.
In the scheme of non-polarized q andq, only the diagonal term survives
The interference between opposite photon helicities gives rise to a ν or cos 2φ asymmetry and this means that the annihilated q andq carry specific helicity configurations. The observation of violation of the Lam-Tung relation suggests certain mechanisms correlating the helicities of quark and anti-quark which comes from two individual hadrons. Such an effect is commonly expected to be of non-perturbative QCD in origin.
Brandenburg et al. 26 proposed a factorization breaking effect caused by nontrivial QCD vacuum. Through the spin-flip gluon synchrotron emission and Chromomagnetic Sokolov-Ternov effect, a spin correlation between an annihilating quark and anti-quark happens. 33, 34 Thus H ij becomes non-zero and in general there is no factorization of the spin density matrix. It was shown that a non-zero correlation coefficient κ could describe the observed Lam-Tung violation:
Thespin-density matrix becomes entangled and cannot be factorized. Since this effect originates from the property of QCD vacuum, it is expected to be independent of quark (anti-quark) flavor and the momentum fraction x and and the amount of violation is predicted to persist at large p T .
On the other hand, Boer 35 considered a hadronic effect where the spin direction of quark (anti-quark) correlates with its transverse momentum (k T ) within an unpolarized hadron itself. This correlation function "Boer-Mulders functions" (h
) describes the unbalance of number densities of quarks with opposite transverse polarization with respect to the unpolarized hadron momentum. 36 It is one of the key component of TMD parton distributions to be extracted from unpolarized hadrons. In this approach, thespin-density matrix becomes factorized as the production of two nontrivial one-particle spin-density matrices:
has the quark-flavor and x dependence and is parametrized to vanish at large k 2 T . Recently FNAL E866 experiment measured proton-induced Drell-Yan process with protons 37 and deuterons 38 but did not observe the violation of Lam-Tung relation as in the pion-induced one. This result could be interpreted as the smallness of Boer-Mulders function for sea quarks in the target nucleons but is less compatible with the supposed flavor-blind QCD vacuum effect. In addition no violation of LamTung relation was seen in the anti-proton-induced Drell-Yan process by CDF.
39
Since this measurement was made in the region of large m ll at Z-pole and very large p T , the result might not be sensitive to the proposed non-perturbative QCD effect.
Besides the above two attempts, there are considerations of QCD instantoninduced effect 40 and Glauber gluons in the k T factorization theorem. 41 As for the mechanism of Glauber gluons, a large Glauber phase solely for the pion is claimed and therefore it predicts that the violation of the Lam-Tung relation would be observed only with the pion beam but not with the other hadron beams. 41 More precise measurement of dilepton angular distributions with pion beam over a wide kinematic range and with the other hadron beams like anti-proton and kaon, will help differentiate the theoretical interpretations.
The EMC Effect
In addition to probing the parton distribution functions in hadrons, the Drell-Yan process is also sensitive to modifications to the parton distributions for nucleons bound inside nuclei. However, since the energy scale probed in experiments studying the partonic structure is orders of magnitude larger than the nuclear binding energy, the nuclear parton distributions were expected to be the same as those of the nucleons.
In 1983, a muon-induced a Deep Inelastic Scattering (DIS) experiment by the European Muon Collaboration (EMC) 42 discovered that the nucleon structure functions measured on iron and deuterium were different. They observed a depletion of the iron structure functions at large x, which was dubbed as the "EMC effect". The EMC effect has since been confirmed over a broad range of nuclear masses (A) and momentum transfers (Q 2 ), by several DIS experiments using electron, 43 muon 42, 44, 45 and neutrino 46, 47 beams. The EMC effect is considered to be a clear evidence that the quark distributions in nuclei are modified compared to those in the nucleons. As mentioned, because of the high energy scale probed in DIS experiments, the EMC effect was an unexpected observation. With the ever improving precision of the DIS experiments, specially the most recent experiments on light nuclei, 48, 49 they provide a detailed and multi-dimensional picture of the nuclear modification of the quark distributions. It is naturally expected that the changes in quark distributions inside nuclei should also manifest itself in other processes, where the quark distributions are important, such as the Drell-Yan process.
3, 4
The structure functions measured in DIS, determine only a combination of quark distributions rather the individual quark distributions. Thus it is possible, in principle, that models which give almost identical results for the EMC ratio can give different predictions for the Drell-Yan 50, 51 process. The EMC effect has indeed been found to be experimentally consistent (in the time-like region) with both the pionand proton-induced Drell-Yan processes. 6, 7, 20, 52 Since the sea quark distributions are less well known the results from proton-induced Drell-Yan results are far less conclusive in verifying the EMC effect.
Pion-induced Drell-Yan processes are relatively more sensitive to the EMC effect, specially the cross sections ratios
σ DY (π − +H) , and
, where A represents a nuclear, D a deuteron and H a hydrogen target. Assuming isospin symmetry, which implies u π + = d π − ,ū π − =d π + ,ū π + =d π − , u π − = d π + and keeping only the dominant terms in each cross-section, we get
The target quark distributions have a subscript A, and the up quark distribution in the deuteron and the proton are labeled by u D and u p , respectively. It is clear that pion-induced Drell-Yan cross-section ratios, specially those between a heavy nuclear target and a hydrogen or deuterium target, should be sensitive to the EMC effect and, importantly, they are not sensitive to the pion structure functions, which are not yet accurately determined. The existing set of pion-induced Drell-Yan data that can be used to form these ratios are primarily from three experiments; the NA3, the NA10 and the Omega experiments. Chmaj and Heller 50, 51 have compared the ratio
σ DY (π − +Pt) , measured by the NA3 collaboration, 16 with fits to the EMC data as well as a wide variety of models that accurately reproduce the EMC effect. They found that indeed the DrellYan cross section ratios are sensitive to the EMC effect (see Fig. 3 ), however, most models available in 1985, which could reproduce the EMC data, gave predictions for the Drell-Yan process which have little or no difference. The results of their comparison of the NA3 data with a fit to the EMC data and seven widely different models, that all reproduced the EMC effect, is shown in Fig. 3 . They concluded that the cross-section ratio obtained from the NA3 data confirm the modification of the quark distributions inside the nucleus (i.e. the EMC effect) however they are not precise enough to distinguish between the various models of the EMC effect.
The data from the NA10 experiment 20 was used to form the ratio
σ DY (π − +D) for the 286 GeV and 140 GeV π − beam, as well as both data sets combined together. In  Fig. 4 , the ratio for the combined data set is shown vs x 1 the Bjorken scaling variable for the interacting quark in the pion, x 2 the analogous quantity for the nucleon in the target nucleus,
The data are compared to the ratio of structure functions obtained from the DIS experiment by the BCDMS collaboration. 44, 45 The NA10 Drell-Yan data were completely consistent with the modification of the nucleon quark distributions in the nucleus, while the pion quark distributions were found to be unaffected, all consistent with QCD factorization. 
Quark flavor-dependent EMC effect
The specific origins of the observed A dependence of the nuclear quark distributions have yet to be unambiguously identified. Attempts to explain the EMC effect have led to an extensive collection of theoretical models, 53, 54 that describe the essential features of the data, however the important physics of these models is often very different. This suggests that there are aspects of the EMC effect that are not probed in DIS, and new experimental observables are essential to understand the origins of the EMC effect. The quark flavor dependence of the EMC effect is one such promising experimental observable. In the simplest picture where the nuclear parton distribution functions (PDFs) are just the nucleon PDFs smeared by the Fermi motion of the nucleons, and thus the nuclear modification would be very similar for u and d quarks. 55 In contrast, some models such as the pion-excess model [56] [57] [58] predicts a flavor-dependent nuclear modifications arising from the different isospin composition of the pion cloud of protons and neutrons. Similarly, a recent model, the Cloët, Bentz and Thomas (CBT) reported in Refs. 59, 55, claims that for N = Z nuclei (where N and Z refer to the number of neutrons and protons, respectively) the isovector-vector mean field (usually denoted by ρ 0 ) will affect the u quarks differently from the d quarks in the bound nucleons. Therefore, this model predicts that the u and d quarks have distinct nuclear modifications influenced by the N/Z ratio of the nucleus, 59 leading to a flavor sensitive EMC effect in nuclei with N = Z. Pion-induced Drell-Yan processes are an experimental tool that is sensitive to flavor-dependent effects in the nuclear quark distributions. We have already noted that the cross section ratios of pionic Drell-Yan processes (Eqs. (5)- (7)) are sensitive to the EMC effect. Moreover, they are also sensitive to the flavor dependence of the EMC effect. The Drell-Yan ratio, R ± , of Eq. (7) is an ideal experimental observable to search for flavor-dependent EMC effect, since it is directly proportional to d A (x)/u A (x). The only existing data on R ± are from the Omega collaboration.
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In Ref. 60, the CBT model with and without the flavor dependence was compared to the existing pionic Drell-Yan data as shown in Fig. 5 (a-d) . From the analysis of Ref. 60 it is clear that the flavor-dependent model is preferred for the NA3 and the Omega collaborations data sets, whereas the NA10 results are better described by the flavor-independent CBT model. Unfortunately, the existing data lack the precision needed to place a useful constraint on the flavor dependence of the EMC effect.
The COMPASS collaboration 61 proposes to measure the Drell-Yan crosssections with 190-GeV/c pion beams which will be an opportunity to test the flavordependence of the EMC effect. The sensitivity of the proposed COMPASS measurement was examined in Ref. 60 and is shown in Fig. 5(e-h) . The significant difference between the predicted ratios for the flavor-dependent versus flavor-independent nuclear PDFs provide a strong motivation for these future measurements. 
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as a function of x 2 , using nuclear PDFs from the CBT model for gold (red solid) and the CBT model with the ρ 0 mean-field set to zero (blue dot-dashed). 62 This function describes how the transverse momentum k T distribution of unpolarized partons is distorted by the transverse polarization of the parent hadron. The correlation between k T and parton/hadron transverse polarization is intuitively resulted from a non-vanishing orbital angular momentum of the quarks themselves.
Sivers function, formerly considered to be zero by the time-reversal property of QCD, 63 was found to survive because of the presence of a gauge line (Wilson line) for the need of gauge invariance in the definition of TMD parton distribution.
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This single spin asymmetry has been clearly observed in the semi-inclusive deeply inelastic scattering process (SIDIS) by HERMES experiment at DESY [65] [66] [67] and COMPASS experiment at CERN. [68] [69] [70] [71] That has allowed an extraction of Sivers function with global fits [72] [73] [74] [75] and opposite contributions from u and d quarks are seen.
Sivers function could also be extracted from the polarized Drell-Yan process with the great advantage of it being free from convolution of fragmentation function. There exists an essential prediction that the f ⊥ 1T functions extracted from DrellYan processes and those obtained from SIDIS must be reserved in sign because the Wilson line happens in the initial and final state respectively. 64 The same prediction also applies for the Boer-Mulders function to be determined in SIDIS and Drell-Yan processes. An experimental verification of the sign-reversal property of the Sivers and Boer-Mulders functions is a crucial test of QCD in the non-perturbative regime on the aspects of the origin of SSAs and the validity of factorization scheme -the corner stone of TMD physics.
A proposal 61 to carry out a polarized Drell-Yan measurement by COMPASS experiment in 2014 at CERN was approved. The angular distributions of Drell-Yan events produced by 190-GeV/c π − beam colliding with transversely polarized NH 3 target will be measured. 76, 77 Both the Sivers and Boer-Mulders functions from the target quark and the beam anti-quark could be extracted from the azimuthal spin asymmetries for testing the universality of the Sivers and Boer-Mulders functions between Drell-Yan and SIDIS. It should be noted that an unpolarized Drell-Yan program using liquid hydrogen, liquid deuterium and nuclei targets in COMPASS experiment will be very helpful to further investigate the known interesting phenomena in the dilepton angular distributions and the EMC effect.
Exclusive pion-induced Drell-Yan at J-PARC
When x π approaches the limit of 1, the inclusive Drell-Yan process actually becomes an exclusive one:
There are recent theoretical studies on the exclusive pion-induced Drell-Yan process where the nucleon remains intact in the final state. [78] [79] [80] [81] [82] [83] [84] [85] [86] This process is a time-like crossing of the deeply virtual pion production process. A factorization of this process shows that three important nonperturbative components are involved: nucleon GPD, pion DA and nucleon-to-pion transition distribution amplitude (TDA), as shown in Fig. 6 . Fig. 6 . Exclusive pion-induced 2 → 2 processes: with (a) small and (b) large momentum-transfer to the nucleon target. [78] [79] [80] [81] [82] [83] [84] [85] [86] The GPDs contain information of the correlation between the quark/gluon transverse position in the nucleon and its longitudinal momentum, which has been assessed by deeply virtual Compton scattering (DVCS) and deep virtual meson production (DVMP). The distribution amplitudes of nucleons probe the three-quark component of the nucleon light-cone wave function, while higher order components in the Fock-space expansion of the nucleon state are essential to describe the nucleon-to-pion transition distribution amplitudes (TDA) . 87 When studying the nucleon structure, the nucleon-to-pion TDAs are particularly interesting because they directly probe the three-quark plus seapair component, ψ (3q+qq) , which is related to the pion-cloud component inside the nucleon.
Since the cross sections of exclusive processes is larger at low CMS energies, it is appropriate to carry out such kind of measurement with pion beam of lower momentum. An approved three-year project of constructing a high-momentum beam line (HiPBL) in the Hadron Hall at J-PARC 88 started from year 2013. Upon completion of HiPBL, high-flux primary proton beam and secondary particles, e.g. π, K orp in the momentum range of 15 − 20 GeV/c would be available for the study of hadron physics. An exclusive Drell-Yan process could be experimentally characterized if the scattered nucleons in the final state be either directly detected, or identified via the missing-mass technique. This measurement is very challenging considering the very small production cross section in the order of pico barn and a requirement of good momentum resolution for the decayed leptons passing through hadron absorber. Nevertheless the results in the time-like region, if available, will be complementary to those in space-like region assessed by the DVCS and DVMS processes to be studied in JLab. 89 
Conclusion
We summarize the results of dilepton angular distributions and the nuclear modification of the parton distributions from the pion-induced Drell-Yan process. The discrepancies between the observed dilepton angular distributions and the expectations of the Drell-Yan parton model together with perturbative QCD corrections, can be resolved by incorporating the non-perturbative QCD physics associated with the bound-state effects of the partons. These connections open up a clean and important way of accessing the TMD distribution and GPD of nucleons, and pion DA. Also the study of pion-induced Drell-Yan process on heavy nuclei will help reveal the very interesting flavor-dependent modification of quark distributions in the nuclear medium. With several upcoming experiments and others being planned, we expect that pion-induced Drell-Yan process should continue improving our understanding of QCD and the hadron structure in multi-dimensions.
